yclotorsion occurs when changing from a sitting to a supine position (static cyclotorsion) 1,2 and also intraoperatively (dynamic cyclotorsion) in eyes undergoing LASIK and photorefractive keratectomy (PRK). [3] [4] [5] The average amount of absolute intraoperative cyclotorsion has been reported to be approximately 2° to 3°.
O R I G I N A L A R T I C L E
yclotorsion occurs when changing from a sitting to a supine position (static cyclotorsion) 1, 2 and also intraoperatively (dynamic cyclotorsion) in eyes undergoing LASIK and photorefractive keratectomy (PRK). [3] [4] [5] The average amount of absolute intraoperative cyclotorsion has been reported to be approximately 2° to 3°. 6 It can exceed 10° in some patients, 6, 7 and instances of up to 24° have also been reported. 4 Intraoperative cyclotorsion can negatively affect the refractive outcome and vision quality of patients undergoing refractive surgery. 6 It leads to undercorrection and decreased precision for astigmatism correction. 8 Up to 14% and 35% of undercorrection can theoretically be assumed to occur for 4° and 10° of torsional misalignment, respectively. 9 The other problem is reduction of the efficacy of wavefront-guided surgeries for correction of higher order aberrations 10 and induction of higher order aberrations after refractive surgery, possibly due to misalignment of the suggested wavefront map and suboptimal astigmatism correction. 11 Cyclotorsion of greater than 2° has been shown to be able to produce significant postoperative aberrations. 12 Compensation of torsional eye movements with iris registration technology results in lower amounts of residual cylindrical error and undercorrection. [13] [14] [15] It has also been shown to be effective in decreasing the amount of unwanted aberrations. 11, 16 Limited and inconclusive data are available on factors influencing these movements, especially for PRK. Older age, female gender, and surgical factors such as higher pulse numbers have been reported to be associated with higher amounts of tor-C ABSTRACT PURPOSE: To determine predictive factors for intraoperative cyclotorsion in photorefractive keratectomy (PRK).
METHODS:
A retrospective statistical analysis of medical records pertaining to 3,996 eyes undergoing PRK was conducted. Outcome measures of this study were the likely existence of statistically significant relations between diverse and potentially influential factors and the occurrence of intraoperative cyclotorsion.
RESULTS:
A total of 96% of examined medical records indicated some degree of cyclotorsion with the absolute mean intraoperative value of 1.38° ± 1.67° (range: 0° to 13.6°). Absolute mean cyclotorsion showed no significant correlation with age (r = 0.14, P = .37). Female patients had significantly higher degrees of cyclotorsion versus males (P < .001). Right and left eyes showed no significant difference in absolute mean torsion (P = .05). Higher diopters of refractive errors, hyperopia, more than 2.00 diopters of cylinder, high pulse numbers (r = 0.26), and use of the advanced personalized treatment ablation algorithm were all significantly related to higher degrees of torsion (P < .0001). Ablation depth (r = 0.13) and surgeon appeared to be dependent factors.
CONCLUSIONS:
Incidence of intraoperative cyclotorsion is high in eyes undergoing PRK and most of them will experience some degree of torsion. Several diverse factors (sex, refractive error diopters, hyperopia, high cylinder, pulse numbers, and ablation algorithm) were significant predictors for higher degrees of the observed torsion.
[ 19 Data on the evaluation of the individual effects of different types of refractive errors (ie, myopia, hyperopia, and astigmatism) or different severities of the mentioned errors on torsional movements are largely lacking. Data comparing the effect of different ablation algorithms on cyclotorsion are also limited. 18 The aim of this study was to evaluate the effect of preoperative and intraoperative variables on intraoperative cyclotorsion during PRK. We also evaluated the specific effect of different subgroups of refractive errors and ablation algorithms on intraoperative cyclotorsion.
PATIENTS AND METHODS

Patient PoPulation
This retrospective study reviewed consecutive records of 3,996 patients (one eye per patient and alternating between left and right eyes) who had PRK between October 2011 and January 2015 using iris recognition technology at the refractive surgery department of Farabi Eye Hospital and Eye Research Center (Tehran University of Medical Sciences). The inclusion criterion was PRK with iris registration for correction of myopia, hyperopia, myopic astigmatism, and hyperopic astigmatism using either the Plano-scan, advanced personalized treatment (APT), or tissue-saving ablation profiles. Additionally, patients who had a history of previous refractive surgery and preexisting ocular disease were excluded from this study.
RetRosPective Medical data
The following data were extracted and used in this study: laterality of the eye, age, sex, refractive error type (dioptric value in terms of sphere and cylinder), surgical technique (Plano-scan, APT, and tissue-saving), intraoperative rotation (degree), ablation depth (microns), number of pulses, and surgeon (all according to the Technolas laser unit report for each eye).
Additionally, slit-lamp biomicroscopy, Goldmann applanation tonometry, and dilated fundus examination were available in the retrospective medical data reviewed and corresponding patients were excluded from this study in case of any sign of existing ocular disease.
iRis RegistRation and abeRRoMetRy Method
The surgeries were performed by seven different surgeons using a Technolas 217z100 laser platform and Keracor software version 4.21 (Technolas Perfect Vision, St. Louis, MO) with advanced control eye tracking technology, which compensates for eye movements in six dimensions. The sampling rates and active tracking ranges are 240 Hz and 3 × 3 mm for x/y axes and 50 Hz and ±0.5 mm for z axis. The dynamic rotational system tracks and simultaneously adjusts the ablation pattern for the entire duration of the procedure and is independent of the x-y-z eye tracking. It uses a sampling rate of 25 Hz within a ±15° range (resolution dimension of dynamic torsional misalignment measurement = 0.1°).
APT is a wavefront-guided treatment. The wavefront map and iris image had been acquired for both eyes of all patients who had undergone APT at the same time with the same device (B & L Zywave; Bausch & Lomb, Rochester, NY). A minimum of three aberrometry readings per eye had been obtained to ensure reliability. Patients had been encouraged to blink and one drop of lubricant was used if necessary. Also, the head positioning and eye alignment were confirmed before measurements. All eyes were dilated with tropicamide 1% (two drops separated by a 5-minute interval) after measuring mesopic pupils. Scotopic aberrometry was performed using a similar protocol after 20 minutes, according to the manufacturer's instructions.
MeasuRed outcoMes
Evaluated parameters were laterality of the eye, age, sex, treated refractive error type, intraoperative rotation degree, ablation depth, number of pulses, surgical technique (Plano-scan, APT, and tissue-saving), and the effect of the surgeon. Myopic patients were divided into three groups (mild < 3, moderate = 3 to 5.9, and severe > 5.9). Hyperopic patients were categorized in two different ways to enhance statistical analysis of data: three groups (mild < 3, moderate = 3 to 5.9, and severe > 5.9) and two subgroups of low (≤ 3) and moderate to high (> 3). Cylinder or astigmatism was divided into low (≤ 2) and high (> 2) subgroups, and spherical equivalent was divided into positive/hyperopic correction and negative/myopic correction subgroups. Intraoperative torsion was measured in this study and computed as absolute torsion, incyclotorsion (negative), and excyclotorsion (positive) in degrees. It was also characterized as mild (≤ 5°) and severe (> 5°). The cylinder axis was divided into three groups of withthe-rule (80° to 100°), against-the-rule (0° to 10° and 170° to 180°), and oblique (10° to 80° and 100° to 170°) astigmatism.
statistical analysis
Statistical analysis was performed with SPSS software (version 25; SSPS, Inc., Chicago, IL). Normality of data was investigated using the Kolmogorov-Smirnov test. The chi-square test was performed to compare categorical data. The continuous data were compared using one-way analysis of variance. Additionally, Tukey's honestly significant difference post hoc test was run to confirm where the differences occurred be-Cyclotorsion During PRK/Alipour et al tween groups if they had shown an overall statistically significant difference in group means. Factors with a significant effect (P < .20) on the amount of measured cyclotorsion were further analyzed by multivariate linear regression (absolute mean cyclotorsion) to determine their independent effect. All reported P values were two sided. The inferences were considered to be statistically significant when P values were less than .01. Cyclotorsion was computed as absolute cyclotorsion in all analyses. Patients with no cylindrical error were excluded from calculations related to cylinder. Eyes with no intraoperative cyclotorsion (154 eyes) were excluded from the calculations related to incyclotorsion or excyclotorsion and mild or severe torsion.
RESULTS
lateRality and deMogRaPhic data
The study included 3,996 eyes (1,997 right eyes and 1,999 left eyes). The male and female distribution was 1,524 (38.1%) and 2,472 (61.8%), respectively. The average age of patients was 28.9 years (range: 18 to 56 years).
RefRactive status (sPheRical equivalent and tyPe of RefRactive eRRoR)
Mean spherical equivalent was -3.65 ± 2.16 diopters (D) (range: -13.00 to +6.25 D). A total of 3,868 (96.8%) eyes had myopic ablation and 128 (3.2%) had hyperopic ablation. Tables 1-2 show the subgroup distribution in each group.
intRaoPeRative cyclotoRsion
The absolute mean intraoperative value of cyclotorsion was 1.38° ± 1.67° (range: 0° to 13.6°). A total of 3,804 (95.2%) patients had experienced 5° or less of torsion and 192 (4.8%) patients had experienced more than 5° of torsion. A total of 154 (3.9%) eyes showed no intraoperative cyclotorsion. Of 3,842 (96.14%) eyes with reported cyclotorsion (> 0°), 1,747 (43.7%) eyes had incyclotorsion and 2,095 (52.4%) eyes had excyclotorsion.
RelationshiP between intRaoPeRative cyclotoRsion and deMogRaPhic changes and eye lateRality
Mean absolute cyclotorsion showed no significant correlation with the age of the patients (Pearson correlation = 0.14, P = .37). Additionally, the mean age was not significantly different between eyes having incyclotorsion or excyclotorsion (P = .10). Female patients had significantly higher degrees of cyclotorsion compared to male patients (1.54° and 1.26°, respectively, P < .001); this was significant in the regression analysis. There was no significant difference between the percentage of eyes having incyclotorsion or excyclotorsion between males and females (P = .28).
The right and left eye showed no clinically significant difference in absolute mean torsion (1.33 and 1.43, respectively; P = .049). However, more of the left eyes (5.5%, 110) had shown high cyclotorsion degrees (> 5°) compared to right eyes (4.1% ,82) (P = .02). The right eyes had experienced significantly more excyclotorsion (56.5%) compared to 48.4% in left eyes (P < .001).
RelationshiP between intRaoPeRative cyclotoRsion and RefRactive eRRoRs
Hyperopic corrections showed significantly higher mean degrees of cyclotorsion (P < .0001). Eighteen percent (24) of eyes with hyperopic corrections had 5° or more of torsion compared to 4.3% (168) for myopic corrections (P < .0001) ( Table 3) . Table A (available in the online version of this article) demonstrates differences between different refractive subgroups in having more than 5° of torsion. Additionally, eyes with high cylindrical errors demonstrated significantly larger amounts of torsion compared to eyes with low cylindrical errors (P < .0001) ( Table 3) .
Eyes experiencing incyclotorsion versus excyclotorsion did not differ between different refractive subgroups.
The overall comparison between eyes with with-therule, against-the-rule, and oblique astigmatism showed no significant difference for the mean degree of absolute cyclotorsion (P = .97), mild/severe degrees of cyclotorsion, or the tendency for incyclotorsion or excyclotorsion.
RelationshiP between intRaoPeRative cyclotoRsion and suRgical factoRs Ablation Depth and Total Pulses. Ablation depth and number of total pulses showed a weak positive correlation with mean absolute cyclotorsion (r = 0.13 and 0.26. respectively; P < .0001). Eyes with incyclotorsion had received slightly higher ablation depths and number of pulses (69.1 µm and 2,423) compared to eyes with excyclotorsion (67.15 µm and 2,331) or no cyclotorsion (62.45 µm and 2,055). The mean ablation depth and number of pulses were also significantly higher in patients with 5° or more of torsion (77.14 µm and 3,227.24 and 68.52 µm and 2,328.22 for eyes with low and severe torsion, respectively; P < .0001).
Ablation Profile. The mean absolute cyclotorsion was significantly higher in eyes that had APT (3.10 ± 2.39) compared to eyes that had tissue-saving (0.88 ± 0.85) and Plano-scan (0.87 ± 0.82) ablation (P < .001). However, no significant difference was seen between eyes undergoing tissue-saving and Plano-scan ablation (P = .96).
Additionally, significantly higher numbers of eyes with severe cyclotorsion were seen in the APT group (20.1%, 179 eyes) compared to the tissue-saving (0.5%, 11 eyes) and Plano-scan (0.3%, 2 eyes) groups Cyclotorsion During PRK/Alipour et al (P < .0001) ( Table A) . The difference between eyes experiencing excyclotorsion versus incyclotorsion was 11.4% and 13.3% in the tissue-saving and Plano-scan groups, respectively, and 2.3% for the APT group (Table B, available in the online version of this article).
Surgeon. Patients experienced significantly different amounts of torsion when surgery was performed by different surgeons, but surgeon effect became insignificant in the regression analysis.
eyes with no intRaoPeRative toRsion
Gender, laterality, and surgeon showed no significant effect on intraoperative cyclotorsion. There was no significant difference between the spherical and cylindrical refractive subgroups or the different subgroups for cylindrical axis or ablation depth and total pulses between eyes with and without cyclotorsion. In eyes with compound astigmatism, the ablation algorithm was shown to be significantly different in eyes with and without cyclotorsion (Table C, available in the online version of this article); the difference was insignificant for the simple spherical error and simple cylindrical error groups.
factoRs PRedicting the absolute aMount of intRaoPeRative cyclotoRsion
Linear regression was performed to predict factors influencing the amount of cyclotorsion. Significant predicting variables were sex (P = .004), high cylinder (P < .0001), hyperopia (P < .0001), severity of the spherical error (P = .001), total pulse numbers (P < .0001), and APT ablation algorithm (P < .0001). There was no independent effect observed for ablation depth (P = .22) and surgeon (P = .03).
DISCUSSION
In this study, we showed that almost 97% of patients having PRK experienced some degree of torsion during surgery. The absolute mean torsion was approximately 1° less compared to data obtained by Prakash et al., 15, 18 Arba Mosquera and Verma, 6 Chang, 7 and Febbraro et al. 1 Additionally, considering that the eye tracker used in this study could only record ±15° of torsion, it cannot be certainly said that the maximum amount of actual torsion has been 14.8°. Higher amounts of torsion may have happened intraoperatively that have resulted in stopping laser ablation. Interestingly, it seems that not all patients experience cyclotorsion during refractive surgery because 154 (3%) of the patients in this study had no intraoperative torsion. Zero degrees of torsion was also reported by Niu et al. 19 in a population of 1,524 myopic and astigmatic patients. Although type or severity of refractive error did not seem to affect torsion during surgery, the current study showed that surgical algorithm can influence the latter. For example, Cyclotorsion During PRK/Alipour et al cyclotorsion could be estimated to happen in almost all patients undergoing APT because only 1% of this group showed no torsion compared to approximately 5% in the Plano-scan and tissue-saving groups. Among eyes showing torsion, the majority of eyes (95.2%) had experienced small degrees of torsion (≤ 5). Although a minority of eyes (4.8%) tended to show larger amounts of torsion, these patients will be affected most by the negative effects of torsion on refractive outcomes. Female gender was shown to be a strong independent factor for higher amounts of torsion in this study. Shajari et al. 17 used LASIK (Keracor 217z excimer laser) on 179 eyes and reported that female gender can influence intraoperative cyclotorsion. Additionally, in a study on 275 patients undergoing LASIK (Technolas 217z100 platform), Prakash et al. 18 showed that the absolute range of intraoperative cyclotorsion is higher in female patients (3.2 ± 1.5) compared to male patients (2.76 ± 1.46).
Age did not become an important factor influencing the amount of intraoperative cyclotorsion (r = 0.14, P = .37). This was not consistent with the results of Shajari et al., 17 who reported a positive relationship between torsion and age, and Prakesh et al., 18 who showed a partial but weak correlation (-0.16; P = .014). Both studies had a smaller sample size (179 and 275 eyes, respectively) and Shajari et al. 17 only evaluated myopic astigmatic patients. Niu et al.'s 19 study on 1,524 eyes that had undergone wavefront-guided LASIK (VISX STAR S4) failed to show any significant effect for either age or gender on intraoperative cyclotorsion. The latter study did not report the effect of different refractive errors (spherical and cylindrical) and only included myopic astigmatic eyes.
The higher mean absolute torsion in the left eye and the higher number of eyes with more than 5° of torsion (severe) in the left eye may have also been the result of patient fatigue because the left eye is usually the second eye to undergo surgery. This study also showed that right eyes had mostly experienced excyclotorsion, whereas left eyes mostly had incyclotorsion. Febbraro et al. 1 also reported more excyclotorsion in the right eye (19% vs 12%) and more incyclotorsion in the left eye (36% vs 11%). The direction of cyclotorsion did not show significant differences in refractive or surgi- cal subgroups. It can be speculated that direction is determined either randomly or mostly by anatomic factors (right and left eye) and is not related to refractive or surgical factors. Blurred retinal image has been shown to enhance unwanted eye movements. 3 Higher degrees of cyclotorsion in eyes with positive spherical equivalents were suggestive for the role of image blur in induction of torsion in hyperopic patients. Subgroup analysis data of the simple spherical error group confirmed higher degrees of cyclotorsion in hyperopic patients compared to myopic patients. Both myopic and hyperopic patients showed higher degrees of torsion as the severity of the refractive error increased, but the difference only became significant between mild and moderate to severe hyperopia. The pattern observed in the simple spherical error group was also seen in the compound spherocylinder group, regardless of the accompanying low or high cylindrical error, and the torsion increased by the increase of the spherical component was again more prominent in hyperopic patients. These findings could also be an attribute of the effect of image blur because myopic patients tend to have good near vision and, because the laser spot is placed a few centimeters from the eye, image blur will theoretically be less prominent for myopic eyes, even in high amounts of myopia.
Subgroup analysis in the eyes with simple cylindrical errors showed higher amounts of torsion for eyes with high cylindrical errors (small sample size may be the reason this did not become significant). Eyes with compound spherocylinder errors also showed approximately twice the torsion (in terms of degree; 2.32°) in eyes with high astigmatism compared to eyes with low astigmatism (1.16°). Astigmatism is also a known factor for blurred near vision. Prior studies have evaluated the effect of spherical equivalent on torsion degrees and reported no relationship between spherical equivalent and torsion degrees; however, their major limitation is that none have performed subgroup analyses for different levels of astigmatism or types of refractive errors. 14, 18, 19 Moreover, two of them could not assess the effect of hyperopia because they had only included patients with myopic astigmatism. 18, 19 Longer duration of ablation in patients with higher refractive errors-either spherical or astigmatism-can also be suggested as a cause for loss of concentration and anxiety and subsequent higher intraoperative torsion in these subgroups.
Compared to Prakash et al., 18 the correlations observed in this study were stronger for the relationship between torsion and ablation depth (r = 0.13, P < .001) and of relatively similar strength for the number of total pulses (r = 0.26, P < .001). The latter study 18 had also observed a weak correlation between absolute range of intraoperative torsion and depth of ablation (partial correlation = 0.02; P = .70) and amount of pulses (partial correlation = 0.39; P = 1.6 ×108). The stronger effect observed in this study may be due to the higher power of this study.
Differences seen in the amount of torsion between surgeons lost significance in the regression analysis, which was indicative that the effect was probably driven by the difference in ablation algorithms and refractive errors of the patients.
To our knowledge, this is the first study in the literature to evaluate the effect of different subgroups of refractive errors (in terms of being spherical or cylindrical and also in terms of severity) on the amount of torsion. Additionally, it is also the first study to compare torsion between three different ablation algorithms (tissue-saving, APT, and Plano-scan) and different surgeons. The mentioned characteristics along with the large sample size and heterogenic population made it possible for this study to evaluate the independent effect of each variable. This study showed that the incidence of cyclotorsion is high in eyes undergoing PRK and most eyes will experience some degree of torsion. Female gender, higher diopters of spherical error, hyperopia, high cylindrical error, higher total pulse numbers, and APT ablation algorithm could be considered significant predictors for higher amounts of the observed torsion. Severe torsion (> 5°) also tends to happen more in eyes with high cylinder, higher total pulse numbers, and eyes undergoing APT. We suggest further studies in this regard. In addition to guiding the surgeon to identify high-risk patients who should have surgery using iris registration technology, it can also be used by manufacturers to incorporate more accurate tracking systems for high-risk patients, especially when the APT algorithm is being used. 
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